Abstract: Apple mosaic virus (ApMV) and prune dwarf virus (PDV) are amongst the most common viruses infecting Prunus species worldwide but their incidence and genetic diversity in Australia is not known. In a survey of 127 Prunus tree samples collected from five states in Australia, ApMV and PDV occurred in 4 (3%) and 13 (10%) of the trees respectively. High-throughput sequencing (HTS) of amplicons from partial conserved regions of RNA1, RNA2, and RNA3, encoding the methyltransferase (MT), RNA-dependent RNA polymerase (RdRp), and the coat protein (CP) genes respectively, of ApMV and PDV was used to determine the genetic diversity of the Australian isolates of each virus. Phylogenetic comparison of Australian ApMV and PDV amplicon HTS variants and full length genomes of both viruses with isolates occurring in other countries identified genetic strains of each virus occurring in Australia. A single Australian Prunus infecting ApMV genetic strain was identified as all ApMV isolates sequence variants formed a single phylogenetic group in each of RNA1, RNA2, and RNA3. Two Australian PDV genetic strains were identified based on the combination of observed phylogenetic groups in each of RNA1, RNA2, and RNA3 and one Prunus tree had both strains. The accuracy of amplicon sequence variants phylogenetic analysis based on segments of each virus RNA were confirmed by phylogenetic analysis of full length genome sequences of Australian ApMV and PDV isolates and all published ApMV and PDV genomes from other countries.
Reverse Transcription Polymerase Chain Reaction (RT-PCR) Amplification
RT-PCR tests were carried out using the SuperScript III One-Step RT-PCR System with Platinum ® Taq (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions except that the total reaction volume was 25 µL. The PCR products were analysed by electrophoresis in 1.5% agarose gels that were stained with SYBR ® Safe DNA gel stain (Invitrogen) for visualization.
For preliminary screening by RT-PCR the total RNA extract of each sample was tested for ApMV and PDV using previously published primers that were specific for RNA3 of each virus [25, 26] .
Total RNA extracts from the Prunus tree samples that tested positive for the RNA3 for ApMV and/or PDV were used for RT-PCR amplification of partial segments of the (MT) gene on RNA1, RdRp gene on RNA2, and CP gene on RNA3 of both viruses using primers developed for this study (Table 2) . Cycling conditions consisted of: a reverse transcription step at 48 • C for 45 min; denaturation at 94 • C for 2 min, followed by 35 cycles, denaturing at 94 • C for 30 s, annealing for 30 s at the appropriate temperature for each primer pair (Table 2) , elongation at 72 • C for 1 min; and a final elongation step at 72 • C for 10 min. Table 2 . Primers used for the RT-PCR amplification of RNA1, RNA2, and RNA3 segments of the apple mosaic virus (ApMV) and prune dwarf virus (PDV) genomes.
Primers
Primer Sequence (5'-3') RNA (Gene Target) 
Amplicon High-Throughput Sequencing (HTS) Library Preparation and Sequence Reads Analysis
The ApMV and PDV RNA1, RNA2, and RNA3 RT-PCR amplicons were gel purified using the Promega Wizard ® PCR clean-up kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Amplicon libraries were prepared and sequenced using the Illumina MiSeq as described previously [27] . The sequence read data for this study have been submitted to the NCBI Sequence Read Archive (SRA) database under the Bioproject accession PRJNA404016 and SRA study accession SRP117219.
The generated raw amplicon sequence reads were quality trimmed, paired, and amplicon sequence reads that had a reverse orientation were reversed and complemented as previously described [27] . The amplicon reads were aligned using Muscle (version 3.8.31) [28] with default parameters. The overlapping alignment coverage for each RNA amplicon read was identified and Cutadapt (version 1.4.1) [29] with default parameters was used to trim the amplicon reads to the following lengths: 173, 364, and 452 nt for ApMV RNA1, RNA2, and RNA3 respectively; and 193, 358, and 396 nt for PDV RNA1, RNA2, and RNA3 respectively. Shorter reads in each set of amplicons were discarded. The trimmed amplicon sequence reads were then clustered at 100% identity and cluster sequences with less than 10 reads and non-coding cluster sequences filtered out of each RNA amplicon sample, as previously described [27] .
Phylogenetic and Sequence Identity Analysis
Nucleotide sequences of RNA1, RNA2, and RNA3 for ApMV and PDV isolates from various Prunus species and geographical regions were retrieved from GenBank (Table S1 ) and trimmed to the corresponding region of the genome that was amplified from each of the ApMV and PDV isolates in this study. Sequence clusters of each amplicon generated were pooled separately with nucleotide sequences from each viral RNA component and aligned using Muscle (version 3.8.31) [28] . Maximum likelihood phylogenetic trees were constructed in RAxML (version 8.0.19) [30] using the GTRGAMMA model with 1000 bootstrap replicates and the resulting trees were visualized in FigTree (version 1.4.2) [31] . Branches that had less than 50% bootstrap support were collapsed. Sequence identity analysis using the sequence demarcation tool (SDT) (version 1.2) [32] was carried out on the aligned amplicon clusters of each viral RNA segment.
Full length genome sequences of the Australian ApMV isolate K75 and PDV isolates NS9 and PCH4 generated by metagenomic HTS in a previous study [33] , were aligned with the full genome sequences of other ApMV and PDV isolates available in GenBank using Muscle (Table S2 ) (version 3.8.31) [28] . Maximum likelihood phylogenetic trees were constructed in MEGA (version 6) [34] with 1000 bootstrap replicates and the resulting trees were visualized in FigTree (version 1.4.2) [31] . Branches having less than 50% bootstrap support were collapsed.
Results

RT-PCR Detection of ApMV and PDV
ApMV and PDV were detected in five and 13 of the 127 Prunus tree samples respectively, using the published RT-PCR tests for each virus. ApMV was detected in three almond and two plum trees in New South Wales and Victoria. PDV was detected in three almonds, one apricot, eight peach, and one plum tree from four states in Australia (Table 3) . 
Amplicon Next Generation Sequencing Data and Read Cluster Analysis
The total number of raw reads obtained from amplicon HTS for RNA1, RNA2, and RNA3 of ApMV were 186,987, 111,256, and 196,503 reads respectively (Table S3 ). After quality trimming, the overall total number of reads used for analysis for ApMV RNA1, RNA2, and RNA3 was reduced to 172,748, 101,747, and 183,473 respectively (Table S3) . For PDV the total number of raw reads obtained from amplicon HTS were 327,564, 345,823, and 628,407 for RNA1, RNA2, and RNA3 reads respectively and these were reduced to 300,465, 315,263, and 584,209 for RNA1, RNA2, and RNA3 respectively after quality trimming (Table S4 ).
The quality trimmed amplicon reads were clustered at 100% identity resulting in an average of 1090, 1495, and 2517 unique ApMV sequence variants per sample for RNA1, RNA2, and RNA3 respectively (Table 4) . There was an average of 1061, 1466, and 2309 unique PDV sequence variants for RNA1, RNA2, and RNA3 respectively ( Table 5) . Filtering of the non-coding and sequence variants with less than 10 reads decreased the average number of ApMV sequence variants per plant sample to 122, 242, and 409 for RNA1, RNA2, and RNA3 amplicons respectively (Table 4) , and to 124, 185, and 272 PDV sequence variants per plant sample for RNA1, RNA2, and RNA3 amplicons respectively (Table 5) . Table 4 . The number of reads generated from the next generation sequencing of the amplicons derived from the partial methyl transferase (MT) gene on RNA1, partial RNA dependent RNA polymerase (RdRp) gene on RNA2, and partial coat protein (CP) gene on RNA3 of apple mosaic virus (ApMV) and the number of sequence variants of each partial gene region before and after cluster analysis. 
Phylogenetic and Sequence Identity Analysis
Phylogenetic analysis of each of the pooled ApMV sequence variants for each of RNA1, RNA2, and RNA3 and their corresponding published GenBank isolate sequences (Table 4; Table S5 ) provided >90% bootstrap support for two phylogenetic groups (phylo-groups 1 and 2) for each of RNA1 and RNA2 and three phylogenetic groups for RNA3 (phylo-groups 1, 2, and 3) (Figure 1 ). ApMV phylo-group 1 of RNA1 and phylo-group 1 of RNA2 each consisted of amplicon sequence variants from Australian Prunus trees only. Phylo-group 2 of RNA1 and phylo-group 2 of RNA2 each consisted of ApMV sequences occurring in apple plant hosts from other countries (Figure 1 ; Table S5 ). All Australian ApMV RNA3 amplicon sequence variants from this study occurred in phylo-group 2, which also consisted of sequences from 12 apples, 3 pears, 1 rose, and 4 lichen isolates occurring in other countries ( Figure 1 ; Table S5 ). ApMV RNA3 phylo-group 1 consisted of sequences from four Australian hop isolates and also one isolate each from hop, prune, apricot, pear, and apple occurring in other countries. ApMV RNA3 phylo-group 3 contained sequences of four hazelnut isolates; two apple isolates and one isolate each from almond and strawberry (Figure 1 ; Table S5 ). None of the Australian ApMV isolates from this study occurred in RNA3 phylo-groups 1 or 3.
Phylogenetic analysis of PDV RNA1 sequences resulted in two phylo-groups with >90% bootstrap support and all Australian amplicon sequence variants from this study occurred in phylo-group 1 as well as a single cherry isolate from Canada. PDV RNA1 phylo-group 2 consisted of only three cherry isolates. PDV RNA2 had three phylo-groups and phylo-group 1 consisted only of Australian PDV sequence variants from this study, phylo-group 2 consisted primarily of Australian isolates but also included a single isolate from the USA. RNA2 sequence variants of Australian isolate CNS3 occurred in both phylo-group 1 and 2 ( Figure 2 ; Table S5 ). Phylo-group 3 contained cherry isolates from various geographic origins, but none were from Australia. PDV RNA3 had three phylo-groups with sequence variants from this study only occurring in phylo-group 2 and which were most closely related to an experimental isolate maintained in squash from the USA. PDV RNA3 phylo-group 1 contained sequences from almond, apricot, cherry, and peach whereas phylo-group 3 contained isolates from only almond and cherry ( Figure 2 ; Table S5 ).
SDT identity analysis indicated that amplicon variants of ApMV and PDV occurring within the same phylo-group for each of RNA1, RNA2, and RNA3 shared more than 97% sequence similarity except for PDV isolate CNS3. Amplicon sequence variants from this isolate had RNA2 variants occurring in two phylo-groups, 1 and 2. Each of the RNA 1 and 3 variants in this isolate and the RNA1, RNA2, and RNA3 variants of all other ApMV and PDV isolates only occurred in one phylogenetic group. (Table S6) .
Phylogenetic analysis of the full-length ApMV RNA1 and RNA2 genome segments resulted in similar phylo-groupings to the phylogenetic analysis of their corresponding amplicon sequences. The Australian ApMV isolate K75 did not cluster with isolates from the USA and India, which clustered together. Three phylo-groups were observed from phylogenetic analysis of the full-length ApMV RNA3 which separated based on host and the Australian ApMV plum isolate occurred in plum group (Figure 3) . The RNA1, RNA2, and RNA3 full-length genome sequences of both Australian PDV isolates occurred in the same phylogenetic groupings that were observed in the phylogenetic analysis of amplicon sequence variants (Figure 3 ). (Table S1 ). Branches having less than 50% bootstrap support were collapsed and the Australian sequence variants from this study were also collapsed for ease of presentation (red colour). Each of ApMV RNA1, RNA2, and RNA3 phylo-groups were supported by branches with >90% bootstrap, as indicated on the phylogenetic tree. (Table S1 ). Branches having less than 50% bootstrap support were collapsed and the Australian sequence variants from this study were also collapsed for ease of presentation (red colour). Each of ApMV RNA1, RNA2, and RNA3 phylo-groups were supported by branches with >90% bootstrap, as indicated on the phylogenetic tree. and coat protein (CP) genes segments on RNA1, RNA2 and RNA3 respectively, from Australian Prunus trees and corresponding PDV sequences from GenBank (Table S1 ). Branches having less than 50% bootstrap support were collapsed and the Australian sequence variants from this study were also collapsed for ease of presentation (red colour). Each of PDV RNA1, RNA2, and RNA3 phylo-groups were supported by branches with >90% bootstrap, as indicated on the phylogenetic tree. and coat protein (CP) genes segments on RNA1, RNA2 and RNA3 respectively, from Australian Prunus trees and corresponding PDV sequences from GenBank (Table S1 ). Branches having less than 50% bootstrap support were collapsed and the Australian sequence variants from this study were also collapsed for ease of presentation (red colour). Each of PDV RNA1, RNA2, and RNA3 phylo-groups were supported by branches with >90% bootstrap, as indicated on the phylogenetic tree. (Table S2 ). The branch positions of the Australian ApMV and PDV isolates are indicated in red colour. Each phylo-group corresponding to phylo-groups determined from phylogenetic analysis of ApMV and PDV amplicon sequence variants (Figures 1 and 2 ) are numbered. (Table S2 ). The branch positions of the Australian ApMV and PDV isolates are indicated in red colour. Each phylo-group corresponding to phylo-groups determined from phylogenetic analysis of ApMV and PDV amplicon sequence variants (Figures 1 and 2 ) are numbered.
Discussion
This study presents the first in-depth analysis of the incidence and genetic diversity of ApMV and PDV strains occurring in Australian Prunus trees. The low incidence of ApMV (3%) observed amongst the 127 Australian Prunus tree samples is similar to findings of several studies in other countries [2, [35] [36] [37] . PDV only occurred in 10% of the Australian Prunus tree samples, which is in contrast to PDV survey studies from other countries that found a higher incidence, up to 40%, of PDV [2, [35] [36] [37] . In Australia, many plantings of Prunus trees were established with virus-tested material, which would minimize virus transmission through vegetative propagation and pollen [12, 38] , and this could explain the low incidence of both ApMV and PDV.
Previous studies of ApMV and PDV diversity in other countries have focussed only on the MP and/or CP gene on RNA 3 [16, 17, 21, 39] . This study provides a more comprehensive analysis of diversity of these viruses by using conserved gene regions of RNA1 and RNA2 in addition to RNA3 and also a comparison with full length genome sequences of these two viruses. Australian ApMV and PDV amplicon sequence variants and full length genome sequences of RNA1, RNA2, and RNA3 from Prunus trees clustered into distinct phylo-groups that were separate from previously published sequences from other hosts and/or geographic regions. The phylogenetic analysis identified a lower level of diversity within and between Australian isolates of each virus compared to the diversity observed amongst Australian PNRSV isolates that were also detected in Prunus trees [27] . Although only a limited number of full length sequences were available for RNA1, RNA2, and RNA3 of each virus, the phylogenetic analysis of these sequences also supported the phylo-groupings based on the amplicon sequences that were observed in this study.
A comparison of the amplicon sequences of Australian isolates with overseas isolates indicated that ApMV RNA1 and RNA2 each had two phylo-groups and ApMV RNA3 had three phylo-groups. Amongst early studies there was no clear consensus on the number of ApMV RNA3 phylogenetic groups and three or five phylo-groups were identified [15, 16] . A recent phylogenetic study by Grimová, Winkowska, Ryšánek, Svoboda, and Petrzik [17] of ApMV isolates identified two major phylo-groups that were also observed by later studies [18] . In this study, these two phylo-groups were also observed, corresponding to phylo-groups 1 and 2, and a third phylo-group was also observed, consisting of recently published ApMV isolates from hazelnut that were not used in the earlier studies [40] . This study used representative sequences of phylogenetic clusters and sub-clusters from all these studies that had phylogenetically informative sites ensuring our study is the most current and inclusive analysis of ApMV RNA3 genetic diversity.
Similar to previous phylogeny studies on ApMV CP gene [17] , there was no clear correlation between RNA3 phylo-groups to geographical origin in this study. However, the ApMV RNA3 phylo-groups identified in this study appeared to differentiate with host: phylo-groups 1 and 3 consisted mainly of, but were not limited to, isolates of hops and hazelnut respectively, whilst phylo-group 2 was associated with apple, lichen, pear, and plum. Similar RNA3 CP gene host based phylo-groupings have been previously reported and suggest that ApMV strains may have co-evolved with their plant host species resulting in CP gene diversity from host-imposed selective pressure [15] . This may be further supported by the observed host-based RNA3 phylogenetic groupings of full length genome segments of ApMV in this study, although only nine sequences were analysed.
Australian ApMV amplicon HTS sequence variants and full length genome sequences of RNA1 and RNA2 from Australian Prunus trees in this study were clustered into distinct phylo-groups and were separate from previously published sequences, which were mainly from apple trees and other geographic regions. It is difficult to ascertain if the separation of Australian isolates, which were all from Prunus species, from apple isolates occurring in other regions was based on host or geography due to limited availability sequences of ApMV isolates for comparative analysis.
The results of this study indicate that PDV had two RNA1 phylo-groups and three phylo-groups each for RNA2 and RNA3. RNA1 amplicon HTS sequence variants of the Australian PDV isolates occurred only in phylo-group 1 together with a Canadian PDV cherry isolate and this result was also supported by phylogenetic analysis of PDV RNA1 full length sequences. RNA1 phylo-group 2 comprised of three cherry isolates from diverse geographical origins. These results suggest that there may not be any correlation in PDV RNA1 phylo-groupings to host species or geographical origin. PDV RNA2 had three phylo-groups supported by phylogenetic analysis of partial and full length RNA2 sequences. Australian PDV isolates occurred in RNA2 phylo-groups 1 and 2, and a single Australian isolate (CNS3) had its sequence variants occurring in PDV RNA2 phylo-groups 1 and 2. This occurrence of virus sequence variants from a single isolate in multiple phylo-groups has been previously reported for the Ilarvirus PNRSV [27] . The biological implication of this occurrence of multiple distinct populations of PDV RNA2 in isolate CNS3 is not known, and it is possible that two separate infection events-either through grafting or by pollen-resulted in this dual infection.
The occurrence of the three PDV RNA3 phylo-groups in this study concurs with previous diversity analysis of PDV isolates from various host and geographical origin [2, 19, 21] . Previous studies reported that the PDV RNA3 CP gene groupings were based on host species or geographical origin [19, 41] , while other studies and this study could find no association [2, 21, 42] . In this study all Australian PDV isolates and all their sequence variants from different Prunus species occurred in phylo-group 3. The host or geographical origin specific groupings reported in other countries may have occurred due to the analysis of a high number of a single strain of PDV isolates sampled from multiple plants of a single host species in a particular geographic region. Similarly, no host or geographical origin specific groupings were observed from PDV RNA3 full length sequences phylogenetic analysis, although only three sequences were analysed. It is possible that greater PDV diversity exists in Australia, which might have been identified had more isolates been analysed.
The RNA1 and RNA2 phylo-groups of ApMV and PDV are based on limited sequences from other regions and very few hosts in Australia. More data is required to determine if these phylo-groups are correct. Similarly, the more data that becomes available for RNA3 of both viruses from different regions and hosts will further support the delineation of phylo-groups observed in this study. This information might then be used to study specific nucleic acid and protein motifs that are important in the interaction between hosts and viral strains.
The low genetic diversity of Australian ApMV and PDV strains observed in this study could indicate that they were derived from a single virus population or very few introductions on infected planting material into Australia, which may be associated with Australia's strict quarantine regulations. However, only a few sequences from Prunus trees were available for comparison and analysis of a larger number of isolates from within Australia and in other countries from Prunus and other hosts is required to better understand the effect of host and geographic origin on strain differentiation and diversity.
Sequence variants occurring in the same phylo-group in each of the Australian ApMV and PDV RNA1, RNA2, and RNA3 had identities ranging from 97-99%. These findings are similar to the identity demarcation observed on a study of the Ilarvirus PNRSV by [27] who proposed that a genetic strain of PNRSV in a biological isolate (plant) must comprise of at least one variant of each RNA component that encodes the expected open reading frame (ORF); and may include sequence variants that are ≥97% similar. Extrapolating this definition to ApMV and PDV, this study identified a single Prunus infecting genetic strain of ApMV based on the occurrence of all ApMV isolates sequence variants occurring in a single phylo-group in each RNA: RNA1 phylo-group 1, RNA2 phylo-group 1 and RNA3 phylo-group 3. Based on the combination of RNA1, RNA2, and RNA3 phylo-groups, two genetic strains of PDV were identified to occur in Australia with one Prunus tree (CNS3) having both strains of PDV. The PDV strains were: RNA1 phylo-group 1, RNA2 phylo-group 1, and RNA3 phylo-group 2; and RNA1 phylo-group 1, RNA2 phylo-group 2, and RNA3 phylo-group 2.
The observed phylo-groups and proposed genetic strains of ApMV and PDV based on the amplicon HTS analysis was supported by the full genome phylogeny. This highlights the potential of amplicon HTS in achieving accurate phylogenetic inference based on analysis of a segment of a virus genome and also to detect mixed populations of virus strains. However, the use of complete genomes to define phylogenetic groupings may give a clearer insight on correlation of such groupings to host species or geographic origin due to the larger volume of sequence information.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/10/3/136/s1 ,  Table S1 : The origin, host and the GenBank accession number of the apple mosaic virus (ApMV) and prune dwarf virus (PDV) RNA1, RNA2, and RNA3 sequences that were used for phylogenetic analysis in this study. Table S2: The origin, host, length of full genome sequence and the corresponding GenBank accession number of the apple mosaic virus (ApMV) and prune dwarf virus (PDV) RNA1, RNA2, and RNA3 genome segments that were used for phylogenetic analysis in this study. Table S3 : The number of raw sequences reads generated from the next generation amplicon sequencing of apple mosaic virus (ApMV) methyltransferase (MT), RNA dependent RNA polymerase (RdRp) and coat protein (CP) partial gene segments on RNA1, RNA2, and RNA3 respectively and the number of reads remaining after trimming. Table S4 : The number of raw sequences reads generated from the next generation amplicon sequencing of prune dwarf virus (PDV) methyltransferase (MT), RNA dependent RNA polymerase (RdRp) and coat protein (CP) partial gene segments on RNA1, RNA2, and RNA3 respectively and the number of reads remaining after trimming. Table S5 : The phylo-groups identified from phylogenetic analysis of amplicon sequence variants from partial gene segments of methyltransferase (MT), RNA dependent RNA polymerase (RdRp) and coat protein (CP) genes on RNA1, RNA2 and RNA3 respectively of the Australian apple mosaic virus (ApMV) and prune dwarf virus (PDV) isolates and GenBank isolate sequences. Table S6 : The % identity cut-off of apple mosaic virus (ApMV) and prune dwarf virus (PDV) amplicon sequence variants from partial gene segments of methyltransferase (MT), RNA dependent RNA polymerase (RdRp) and coat protein (CP) genes on RNA1, RNA2, and RNA3 respectively determined by sequence identity analysis.
